The NeuroScope is a new device which produces a continuous real-time index of cardiac parasympathetic activity (the CIPA) and accurately measures RR intervals. The reproducibility of the CIPA has not yet been assessed. This study was designed to assess the reproducibility of a 5 minute recording of the CIPA using the NeuroScope and compare it with that of conventional heart rate variability (HRV) measures. 50 subjects (31 male, 19 female) aged 21-77 years were recruited. 11 of these were apparently healthy and 39 were patients with a variety of cardiological problems. Two 5 minute recordings of CIPA and RR intervals for each subject were made with a 2-3 minute break between recordings. The limits of agreement for the CIPA were such that the second estimate was between 72 and 140% of the first estimate, 95% of the time. The limits of agreement for other indices of HRV, namely SDNN, rMSSD, ln low-frequency HRV and ln high-frequency HRV, were 61-157%, 68-153%, 77-131% and 76-133%.
Introduction
Cardiac parasympathetic activity, i.e. the impulses in cardiac vagal efferents, regulates human heart rate along with the activity of the sympathetic nervous system. During ventricular systole, 1 Author to whom correspondence should be addressed.
blood pressure rises and stretches the baroreceptors, which increase their rate of discharge (McAllen and Spyer 1978) . Neurones in the nucleus of the tractus solitarius in the medulla respond to this by stimulating the preganglionic neurones of the vagus nerve to increase their discharge rate, increasing cardiac vagal activity (Ganong 1997) .
The effect of vagal activity on the sinoatrial (SA) node is to decrease the rate of spontaneous depolarization, hence prolonging the RR interval. The time taken for the baroreceptor stimulus to produce a vagal action on the SA node averages 240 ms in humans (Eckberg 1976) , which is fast enough to delay the subsequent cardiac cycle. Since the stimulus for this reflex is generated during systole and the latency of the reflex is constant, it produces delays in the heart period (RR interval) synchronized to the pulse.
Although heart rate is controlled by both the sympathetic and parasympathetic nervous systems, rapid changes in heart rate are thought to be due to changes in parasympathetic activity alone (generated by the rapid reflex described above). Katona et al (1970) developed a simple linear model that could predict changes in heart period from direct measurements of parasympathetic activity in the vagus nerve of dogs. Conversely, it should be possible to deduce parasympathetic activity from changes in heart period to provide a non-invasive measure of activity in the vagus nerve.
The NeuroScope (Pontoppidan, Copenhagen, Denmark) is a new device, based on the model of Katona et al (1970) , which predicts cardiac parasympathetic activity from RR interval data. The input to the NeuroScope is an ECG signal sampled at 5000 samples s −1 (Delamont et al 1999a) . Each incoming QRS complex is compared to a QRS template generated from the initial stages of a recording: if there is sufficient similarity, a fixed duration pulse of 1 mV amplitude is generated. The times between pulses are therefore equal to the RR intervals on the ECG. The pulse train is integrated with a time constant of 2 s and this output is then fed in parallel into high-and low-pass limbs of an electronic circuit.
The high-pass limb consists of a high-pass filter, integrator and voltage controlled oscillator (VCO) all in series. The filter has a cutoff frequency of 0.2 Hz and its output is an AC voltage which varies synchronously with variation in the RR intervals. The integrator then produces a DC voltage which is proportional to the peak-to-peak amplitude of the input AC voltage. The DC voltage is then passed to a VCO (a pulse generator which generates constant-length pulses at a frequency dependent upon the amplitude of the input voltage) with a positive frequency/voltage slope response, i.e. the higher the DC input, the higher the frequency of pulses generated.
The low-pass limb consists of a low-pass filter and a VCO in series. The low-pass filter has a cutoff frequency of 0.015 Hz and therefore a time constant of 10.6 s: for signal frequencies greater than 0.015 Hz, the higher the oscillation frequency the greater the attenuation. This signal is passed to a VCO with a negative frequency/voltage slope response.
The outputs of both VCOs are sent to a phase comparator. The greater the difference in frequency of the VCO outputs, the greater the output from the phase comparator. The output of the phase comparator is integrated and a DC component is added by a summation unit. Lastly the output of the summation unit is applied to a 'vagal tone gauge', which converts the output to the so-called linear vagal scale (LVS).
The LVS was experimentally derived in six healthy human volunteers by Julu (1992) . With the volunteers fasting and resting supine (a state of maximum parasympathetic activity), the mean output of the vagal tone gauge was arbitrarily set to ten units. Its output in the same subjects after full atropinization (zero parasympathetic activity) was set to zero units. Dividing the effects of cardiac parasympathetic activity into ten equal parts gave a linear scale with an absolute zero reference point (Little et al 1999) . The output of the NeuroScope is termed the cardiac index of parasympathetic activity, the CIPA, and is measured in units of the LVS.
With a constant or very slowly varying heart rate, the circuit characteristics have been chosen such that the outputs from the two VCOs will be identical and therefore a CIPA of zero is produced. For example, with a constant heart rate of 200 beats per min (RR interval = 300 ms) there will be a single 1 V pulse produced every 300 ms. These pulses are integrated with a time constant of 2 s. The result will be a voltage very close to 1 V with very small amplitude oscillations. When this signal passes through the high-pass filter, the output will be a very low voltage, since it is acting as a gauge of the amplitude of the oscillations. The VCO in the high-pass limb has a positive frequency/voltage response and therefore will generate a low-frequency output (about 3 Hz). The low-pass limb of the circuit essentially passes the DC component of the initial integrated signal, and this will be a DC voltage of approximately 1 V. Since the VCO on the low-frequency side has a negative frequency/voltage response, again a low-frequency output (about 3 Hz) will be generated. Since there is no difference in the frequency of output pulses from the two VCOs (both are generating 3 Hz), the resultant vagal tone is zero.
If there is a change in the heart rate from one beat to the next, say from 200 beats per min to some other heart rate, this change will be fully registered on the high-pass limb, however sudden the change, and the pulse frequency output from the high-pass limb will change from 3 Hz to some other frequency. The more sudden the change, the less likely it is to be registered on the low-pass limb (because of the 10.6 s time constant of the low-pass filter) and therefore the greater the discrepancy in the outputs from the two VCOs and the higher the resultant CIPA. A fuller description of the working mechanism of the NeuroScope is given by Julu and Little (1998) and by Little et al (1999) . The CIPA has been demonstrated experimentally to be a sensitive and specific measure of vagal activity (Little et al 1999) .
Despite the publication of several papers in which the NeuroScope was used (Julu et al 1997a , Little et al 1999 , Delamont et al 1998 , 1999a , there has been no assessment of the reproducibility of its measure of vagal activity, the CIPA. The reproducibility of traditional measures of vagal activity such as rMSSD, pNN50, SDNN and power spectral analysis of heart rate variability (HRV) has been well established for 24 hour Holter recordings and is consistently good (Pitzalis et al 1996 , Nolan et al 1996 , Van Hoogenhuze et al 1991 , Burger et al 1997 . Reproducibility of time-and frequency-domain HRV indices measured over the short term has not been widely studied. Short-term time-domain indices appear to be poorly reproducible (Pitzalis et al 1996 , Ponikowski et al 1996 while in one study high-frequency power (a measure of parasympathetic activity) was found to have good reproducibility only during controlled respiration (Pitzalis et al 1996) .
Reduced HRV predicts a poorer prognosis post myocardial infarction (Kleiger et al 1987) and is present in patients with congestive heart failure (Saul et al 1988) (with reduced ln lowfrequency HRV predicting poorer prognosis among these patients (Galinier et al 2000) ) and in patients with diabetic autonomic neuropathy (Malpas and Maling 1990) . Reduced HRV in patients with mitral regurgitation has been shown to be a predictor of atrial fibrillation, mortality and progression to valve surgery (Stein et al 1993) . Neurological diseases, including multiple sclerosis, Parkinson's disease and Guillain-Barré syndrome, are associated with autonomic dysfunction and changes in the CIPA may be useful for the quantification of disease progression and the assessment of therapeutic interventions. Measurement of cardiac parasympathetic activity has also been suggested as being useful for the diagnosis of bovine spongiform encephalopathy in cattle (Little et al 1996) . Quantitative measurements of autonomic nervous system function may therefore be clinically useful.
Unlike other measures of vagal activity, the CIPA is generated in real time, so allowing examination of rapid changes in parasympathetic activity. The NeuroScope is also more user friendly as it produces an index on a linear scale. This present study was designed to prospectively assess the short-term reproducibility of a 5 minute recording of the CIPA using the NeuroScope and compare it with that of conventional time-and frequency-domain HRV indices measured over the same time duration.
Methods

Materials
Patients were selected from cardiology and cardiothoracic surgery wards in a large university hospital, while healthy volunteers were obtained from the staff and students of the hospital and medical school.
Three electrodes (3M Red Dot Ag/AgCl, London, Ontario, Canada) were placed on each subject (upper right chest, upper left chest, lower left chest) and connected to the input terminals of the NeuroScope. From these electrodes, a single ECG lead was derived. The NeuroScope in turn was connected via a COM port to a laptop PC running a specialized piece of software, VaguSoft 3.12, which displays the CIPA and heart rate on a screen in real time. The NeuroScope produces one new value of the CIPA and heart rate for each successive RR interval measured, with an effective moving window of 14 RR intervals.
Subject protocol
The hospital ethics committee approved the study and informed consent was obtained from all subjects. Each subject lay supine for 7 minutes while the CIPA was recorded as described above. A break of 2-3 minutes was then introduced during which time the subject either stood up (normal subjects) or moved around in bed (post-angioplasty/bypass subjects) and conversed with the researcher. A second supine CIPA recording of 7 minutes with the same equipment was then made. No conversation with the subjects took place during the recordings. The first 2 minutes of each recording were not included in the analysis to ensure each subject's cardiovascular system had adjusted adequately to the supine position. In those patients who had been in the supine position for some time prior to recording, i.e. hospital in-patients lying in bed, simple 5 minute recordings were made. Artefact was a problem in some subjects with one RR interval affected by noise altering the CIPA of 14 RR intervals. The length of recording was increased in these subjects to obtain at least 5 minutes of artefact-free data.
Statistical analysis
All data were exported from VaguSoft 3.12 into Microsoft Excel 97 and MINITAB version 12. For each individual subject, mean CIPA and heart rate were calculated for each recording by averaging the CIPA and heart rate values over all the RR intervals in the 5 minutes of data. Mean CIPA and heart rate values were also calculated for the group by averaging the mean CIPA and heart rates of all the individuals. The standard deviation of the normal RR intervals (SDNN) and the root mean square of the successive differences in the RR intervals (rMSSD) were also calculated. Short-term reproducibility was assessed by calculating the limits of agreement (Bland and Altman 1986) and the coefficient of variation. The limits of agreement were defined as the mean difference ± twice the standard deviation of the differences. The differences between the mean for the first and second recordings (first − second) for each variable were calculated for each person. The mean and standard deviation of the differences were then calculated. The coefficient of variation was defined as the standard deviation of the differences divided by the group mean and expressed as a percentage. Student's t-test was used to test the hypothesis that the differences between the recordings were significantly different from zero.
RR interval data were exported into MATLAB 4.0 and the power spectrum for each 5 minute block of RR interval data estimated as follows. The RR intervals were plotted against time and these data resampled at 5 samples s −1 using a cubic spline to interpolate the RR values. Successive sections of 512 data points were then fast Fourier transformed and accumulated to produce an RR power density spectrum. Low-(LF) and high-(HF) frequency power were calculated as the areas under the spectral graph between 0.04 and 0.15 Hz and 0.15 and 0.4 Hz respectively. These calculated power values were then log transformed to give ln LF and ln HF respectively.
All data are given as mean ± one standard deviation.
Results
50 subjects were recruited to this study (19 female and 31 male, aged 52.4 ± 16.2 years). 11 subjects were apparently healthy (four female and seven male, aged 33 ± 15.3 years). Of the 39 subjects recruited from hospital cardiology and cardiothoracic surgery wards, 32 were admitted for coronary angioplasty, five for coronary artery bypass grafting and two for valve surgery. Of the 50 subjects, 39 had sufficient data, unaffected by artefact, for Fourier analysis. RMSSD was not calculable on one subject due to a computing problem. The mean CIPA for all subjects was 6.89 ± 5.30 units over both recordings, 6.76 ± 5.05 units for the first recording and 6.96 ± 5.68 units for the second recording. The mean difference in CIPA between the two recordings (first recording minus second recording) was −0.19 ± 1.73 units. This was not significantly different from zero (p = 0.47). The mean differences in rMSSD, SDNN, ln LF and ln HF were also not significantly different from zero (p = 0.74, 0.27, 0.56 and 0.54 respectively). Mean heart rate for all subjects during the first recording was 64.62 ± 16.96 beats min −1 and during the second recording it was 64.18 ± 17.15 beats min −1 .
The mean CIPA for the second recording was plotted against the mean CIPA for the first recording (figure 1); the correlation coefficient between mean CIPA for the first and second recordings was 0.95. Figure 2 shows the difference between the mean CIPA of the first recording and the mean CIPA of the second recording plotted against the mean CIPA of both recordings. As the mean CIPA for both recordings rises, the difference between the means also rises. For this reason, all values were log transformed and the log of the difference in CIPA between recordings was plotted against log mean CIPA of both recordings (figure 3) (Bland and Altman 1986 ). This plot demonstrated no relationship between the mean and the difference. The limits of agreement were then calculated using the log values, and for a 5 minute recording of CIPA they ranged from −0.331 to 0.334. The antilog of these gave limits of 0.72 to 1.40. This means that the CIPA of the second recording should be between 72 and 140% of that of the first recording on 95% of occasions.
Similar plots of the difference between recordings against the mean of both recordings were drawn for rMSSD, SDNN, ln HF and ln LF HRV. For SDNN, rMSSD and ln LF, the same trend of the difference increasing with the mean was observed. The values were therefore log transformed and the plots redrawn (figures 4, 5 and 6). For ln HF, no trend of increasing difference was seen as mean ln HF increased. Ln HF values were, however, log transformed to provide limits of agreement in the same form as the other indices to allow direct comparison (figure 7). The antilog transformed limits of agreement for all the measured variables are shown in table 1. The limits of agreement of CIPA recalculated using only the 39 subjects in whom Fourier analysis was possible were from 0.72 to 1.44. Coefficients of variation for all the measured variables are also shown in table 1. 
Discussion
Subjects
Our subjects were a diverse group comprising apparently healthy people, patients requiring coronary angioplasty (some with severe coronary artery disease and some without) and postoperative cardiac surgery patients (coronary artery bypass grafting or valve surgery). It is highly likely that the presence of cardiac disease or any medication would affect cardiac parasympathetic activity; this was, however, a reproducibility study and each subject acted as his own control. The age range in our study was large, from 21 to 77 years, but there was a slight preponderance of male subjects, which is difficult to avoid when using cardiac patients. Since both recordings were taken only 2 or 3 minutes apart, it is highly unlikely that there would have been any significant changes in the subjects' cardiac pathology during this time.
Methods
A 5 minute recording length was chosen based upon conversations with the designers of the NeuroScope and because this is the length of time recommended for measurement of frequency-domain HRV in international guidelines (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology 1996). It is possible that extending the length of recording would have improved the reproducibility of the CIPA. Nolan et al (1996) used an alternative time-domain measure of parasympathetic activity (sNN50-the number of successive normal RR intervals with differences greater than 50 ms) over 24 hours and found this had excellent reproducibility. Reproducibility of HRV indices is consistently good when measured over 24 hours (Bigger et al 1992 , Pitzalis et al 1996 . Extending the length of CIPA recording to 24 hours would be impossible in ambulatory subjects with the current equipment, however. Most of the published work on the NeuroScope has examined changes in the level of CIPA rather than absolute values. One publication (Julu et al 1997b) reported on the absolute level of the CIPA in a woman with familial anhydria and gave a reference range of the CIPA in normal subjects. There were, however, no details of the CIPA measurement duration.
The time period between our recordings was very short, allowing assessment of the reproducibility of the CIPA under near optimal conditions. Assessment of the reproducibility over a longer time span (days to weeks) will be necessary before long-term clinical applications (e.g. detection of the onset of diabetic autonomic neuropathy) can be developed.
Although respiratory rate is known to have an effect upon the CIPA, e.g. deep breathing at 0.1 Hz induces a rise in CIPA of 5-15 units (Julu 1999) , it was not controlled during the recordings. This was because controlling respiratory rate is recommended neither in the documentation provided with the NeuroScope (Julu 1999) nor in guidelines for short-term frequency domain HRV measurement (Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology 1996) . Of the small number of studies looking at short-term reproducibility of HRV indices, only one (Pitzalis et al 1996) investigated the effect of respiratory rate. In this study, controlling respiratory rate did not noticeably affect the short-term reproducibility of the normal-normal RR intervals, rMSSD, pNN50 and LF HRV. The reproducibility of total power was adversely affected by controlling respiration while that of HF power was improved. Standardizing respiratory rate during the recordings may have improved reproducibility of the CIPA, but leaving respiratory rate uncontrolled allowed an assessment of the reproducibility of the CIPA as it is currently derived in practice.
A wide variety of statistical methods has been used to assess reproducibility including the correlation coefficient, analysis of variance, the coefficients of variation and repeatability and the interclass correlation coefficient. No single method has been universally accepted. We used the limits of agreement as they were simple to calculate and allowed us to quantify and compare the reproducibility of each variable.
Results
The coefficients of variation in patients with congestive heart failure based on 5 minute recordings for SDNN were 25% in a study by Ponikowski et al (1996) , compared to 23.8% in our study. Freed et al (1994) found coefficients of variation of 11 and 15% respectively for immediate reproducibility of the high-and low-frequency power HRV measured over 10 minutes, similar to our coefficients of 7 and 12%.
On the basis of these results, the reproducibility of a 5 minute measure of resting parasympathetic activity using the NeuroScope is moderate. It is better than simple timedomain measures of total HRV (SDNN) and vagal activity (rMSSD) over the same time interval but is not as good as the reproducibility of frequency-domain measures of HRV. This may be because the NeuroScope is a more sensitive and specific index of vagal activity than these simple time-domain HRV measures (Little et al 1999) . The moderate reproducibility of CIPA is broadly comparable to previous reports of the reproducibility of short-term measures of autonomic activity.
The values of the CIPA in this study were log transformed, as otherwise the limits of agreement would have been too wide at low levels of the CIPA and too narrow at high levels of the CIPA. The limits of agreement were marginally better for the frequency-domain indices. This was not due to the removal of 11 subjects (because frequent artefact made the RR interval recordings unsuitable for Fourier analysis) since recalculation of the limits of agreement for the CIPA after removal of those subjects revealed little change. Given the relatively small difference in the limits of agreement between the CIPA and the frequency-domain indices, the very large difference in the coefficients of variation was surprising and there is no clear explanation for this. Julu et al (1997b) gave no information on how the normal reference range for the CIPA had been developed, apart from the fact that it was derived from 250 control subjects. The reference range quoted was from 5-10 units of the LVS for subjects 13-79 years old. In our study, of the 11 normal subjects, five (aged 21-23, some of whom were fit but were not competitive athletes) had a CIPA above ten units and one (aged 42) had a CIPA below five units. Although our study was not set up to determine normal ranges, it is unlikely that the range 5-10 units is suitable for the population in the West of Scotland.
The NeuroScope offers considerable advantages over more traditional assessments of parasympathetic function such as measuring the HR during deep breathing (where patient cooperation is needed) and baroreflex sensitivity (BRS) (which requires an intravenous injection of phenylephrine). The advantage of the established indices, however, is that their usefulness has been validated in large-scale clinical trials. For example, in a prospective study of 1284 patients with recent myocardial infarction, decreased vagal activity as measured by reduced BRS predicted a significantly poorer outcome (La Rovere et al 1998) . The authors concluded that the analysis of vagal reflexes within 28 days of a myocardial infarction had significant prognostic value independently of left ventricular ejection fraction and ventricular arrhythmias.
Ranges of CIPA in patients with cardiac/neurological disease have not yet been derived and so it is not yet possible to determine whether, given a moderate level of reproducibility, a 5 minute recording of CIPA will adequately differentiate between healthy subjects and those with disease. Multiple recordings or a longer period of recording may be needed (Braune et al 1996) . As a first step in this process, a recent study measured 24 hour mean CIPA in patients admitted to a coronary care unit with acute myocardial infarction (Murray et al 2001) . In the 31 patients studied, 77% of those with inferior and 83% of those with anteroseptal myocardial infarction had a CIPA below five units of the LVS.
HRV has been widely used to quantify autonomic activity in humans. The NeuroScope provides a simple alternative for measuring parasympathetic activity with similar short-term reproducibility. It may, therefore, be more appropriate for widespread application if the clinical usefulness of its measure can be established.
